Hodgkin's lymphoma (T-NHL), in 1 case with large granular CD8 lymphocytosis, 1 case with CD8 lymphocytosis after autologous bone marrow transplantation for Hodgkins disease, and in 2 cases with nonneoplastic diseases. Rearranged V 4 TCRy-gene segments were amplified by the polymerase chain reaction (PCR). Because most of the biopsy tissue or bone marrow samples contained significant amounts of admixed nonmalignant T-cells, direct DNA sequencing of the PCR products yielded mixed sequence data because of coamplification of clonal together with polyclonal TCRy V-N-J junctions. Reliable data could only be obtained by cloning the Vy-Jy PCR products and sequencing several (4 t o IO) randomly chosen clones. In the polyclonal samples, all PCR-derived clones differed in their specific V-N-J junctions, as expected. In the two T-cell lines and in most of the T-cell malignancies, monoclonal PCR products could be identified by the demonstration of clonally restricted V-N-J junctions. in most cases, this information -CELL LYMPHOMAS and leukemias are clonal expansions of T-cells carrying identical copies of rearranged T-cell receptor (TCR) genes. Therefore, rearrangements of TCR genes are used as markers for lineage and clonality in human lymphoid neoplasms.'.' Because the junctional regions of rearranged TCR gene segments are unique for every individual T-cell clone, DNA sequences at the junction of V and J segments can be used as clone-specific markers in individual patient^. ' .^"'
The development of polymerase chain reaction (PCR) has greatly facilitated the detailed characterization of the TCR junctional regions by direct DNA sequencing and has enhanced the sensitivity for the detection of these clonal markers. This approach has thus far mainly been applied to the study of immunologically and genotypically well-characterized acute lymphoblastic leukemias (ALLs) and peripheral blood T-cell clones.'."'' In these previous studies, PCR analyses were performed using V and J primers specific for the TCR gene segments shown on Southern blot analysis yielded the desired clone-specific sequence and showed a background population of polyclonal TCRy cells in each specimen, except for those that were obtained from the T-ALL samples, the cell lines, or the NHL samples with high tumor cell fraction. The results obtained by PCR-directed sequencing were confirmed by temperature-gradient gel electrophoresis (TGGE) that showed distinct DNA bands only with the PCR products containing predominant (ie, monoclonal) TCRy V-N-J junctions. By combined sequence and TGGE analysis, i t was found that PCR/TGGE is able t o distinguish between monoclonal and polyclonal TCRy-PCR products. This finding prompted us t o complete the analysis of the TCRy locus in the samples by PCR/TGGE using primer mixes which covered all possible V y and Jy recombinations. Monoclonality was shown with all mixes by PCR/TGGE in 21 of 24 (87%) of the lymphoproliferations. In summary, the present study shows that the combination of amplifying TCRy V-N-J junctions by PCR with the identification of clonal PCR products by TGGE and DNA sequencing is a reliable method for the characterization of clonal TCRy sequences. 0 1994 by The American Society of Hematology. or by immunophenotyping to be involoved in the reIn contrast to leukemias in which the diagnostic samples usually contain predominantly malignant cells, lymphomas are often characterized by significant admixtures of nonneoplastic T cells and B cells. In addition, in non-Hodgkin's lymphoma (NHL), any information about the particular rearranged and expressed Vy and Jy genes of the lymphoma T cells is usually not readily available, and often only partially denatured DNA extracted from archival paraffin-embedded lymph node material is available for analysis. Because of these technical limitations, little is known about PCR amplification and characterization of the structure of the TCR y-chain (TCRy)V-J junctional regions by DNA sequencing in lymphomas. Therefore, in the present study, we analyzed previously uncharacterized rearranged TCRy V-N-J junctions in DNA samples extracted from T-cell lymphomas and leukemias after amplification by PCR with primers directed against conserved V-and J-region sequences. TCRy PCR. Two different nomenclatures for the gene elements of the humanTCRy locus are used in the 1iterat~re.I~ Throughout this report, the nomenclature of Huck et all8 is used (for comparison see Porcelli et all'). Because the members of the VyI (Vyl-8) family of genes and the J y l and Jy2 gene segments are preferentially used in the great majority (approximately 70%) of TCRy rearrangements in lymphoid malignancies, 3 .45.8.11.17 we restricted our investigation initially to the analysis of TCRy rearrangements involving these segments. The high homology between the genes of the VyI family" allowed the construction of consensus primers (primers Vy 1-8 I and Vyl-8 11) for the amplification of TCR rearrangements involving the Vyl-8 gene segments (Table 1 ). The consensus Jy1/2 primer was designed to anneal to a completely homologous region of published J y l and Jy2 sequences." Primers for JyPl and JyP2 (JyP11 2) and JyP were adapted from Lefranc et al'Oand Huck and Lefranc.*' For Vyl-8/JyI/2-PCR or for the PCR with Vy-Mix I cycling conditions were 92°C (denaturing) for 1 minute, 63°C (primer annealing) for 1 minute, and 72°C (strand elongation) for 30 seconds. The first denaturation step and the last extension step were extended to 6 minutes. For the PCR with Vy-Mix I1 (Vy9) and Vy-Mix 111 (Vy10-12) the annealing temperature was lowered to 61°C with the PCR conditions otherwise unchanged. Amplification products were analyzed by electrophoresis in an ethidium bromide containing, 2% agarose gel (Sigma, Deisenhofen, Germany).
MATERIALS AND METHODS

Clinical
Cloning. After restriction enzyme digestion, the specific PCR products were isolated after electrophoresis from a 2% low-melting agarose gel by phenol-chloroform extraction, ligated into the pUC19 vector, and transformed into Escherichia coli DH5a cells as described.'* Plasmids from randomly picked colonies were prepared following a standard protocol.13
Sequencing. Sequencing of cloned PCR products was performed according to the Sanger dideoxy method23 involving universal forward-and reverse-sequencing primers for pUC 19 and using the T7 sequencing kit (Pharmacia, Freiburg, Germany) following protocol instructions. For each DNA sample and PCR, 3 to IO randomly chosen clones were sequenced. Direct, single-stranded DNA sequencing after asymmetric PCR was performed as previously described."
Temperature-gradient gel electrophoresis (TGGE). TGGE24 was performed in a commercially available apparatus (Diagen, Hilden, Germany) using horizontal 7.5% polyacrylamide gels (30/0.5, acrylamide/bisacrylamide) prepared in 1 X 3[Morpholino]propanesulfonic acid (MOPS), pH 8.3, containing 8 mol/L urea. Running buffer was IX MOPS. A total of 20 pL of the PCR products was denatured at 98°C for 10 minutes and was then renatured at 55°C for 30 minutes. Seven-liter aliquots were immediately loaded onto the gel. Electrophoresis was started at 14°C with 150 V for 30 minutes and continued under temperature-gradient conditions for approximately 2 to 3 hours. The linear temperature gradient from 14°C (cathode) to 65°C (anode) was applied in parallel to the electric field. After the dye marker had reached the anode, the gel was removed and was silver-stained according to the manufacturer's instructions.
RESULTS
Southem Blot analysis of TCRy rearrangements. Twentyone DNA samples (cases no. 1 through 20 and 26) were studied by Southern analysis for clonal TCRy rearrangements. The configuration of the TCRy gene locus obtained by Southern blot analysis in these DNA samples is summarized in Table 2 . In 2 cases, no germline or rearranged TCRy bands could be detected by Southern blotting because For personal use only. on November 16, 2017. by guest www.bloodjournal.org From 0 PCR with the Vy9/Jy1/2 primer combination.
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-, polyclonal PCR products as indicated by the presence (+) or absence (-) of a distinct band on TGGE.
the DNA had partially degraded after storage at 4°C for up to 6 years. Whereas, as expected, the polyclonal controls yielded germline or pseudo-oligoclona16 TCRy bands, 1 l DNA samples including the 2 T-cell lines showed evidence for monoclonal TCRy genes. Although TCRy gene rearrangements could not be detected in a substantial proportion of the cases (probably because of DNA degradation), we decided to subject all available DNA samples to PCR and sequence analysis, because PCR requires only relatively short stretches of DNA and is, therefore, less dependent on intact, high molecular weight DNA.
TCRy (Vyl-8/JylL?)-PCR.
In the beginning of our work on the TCRy-PCR, we used the Vy 1-8/Jy1/2 primer combination to amplify rearranged TCR genes involving these segments. When PCR was performed with the Vy l-8 I/Jyl/2-or Vyl-8 IVJy1/2-primer combination, PCR products of the expected sizes (approximately 500 bp and 250 bp, respectively, depending on the primer pair used) could be visually detected after a single round of PCR and electrophoresis of the products in 2% ethidium bromide-stained agarose gels. Therefore, in most of the initial experiments, the primer pair Vy 1-8 II/Jy1/2 was used. Unexpectedly, this primer combination resulted in intense, relatively sharp bands on agarose gels, not only with clonal but also with polyclonal DNA samples (Fig I) . In 2 T-ALL samples (cases no. 8 and 9), no PCR product was obtained with the Vy 1-8 IVJy1/2 primer combination. In these 2 cases, PCR with the combination of primer Vy9 and primer JyU2 produced distinct bands on agarose gel electrophoresis indicating the involvement of V y9 in the rearrangement. To confirm the specificity of the reactions, PCR products were excized from the gels and directly sequenced after production of single-stranded DNA by asymmetric PCR.'' However, with the exception of the monoclonal T-cell controls, most PCR products contained mixed V y( 1-8)-J y 1/2 sequences that made the determination of the junctional region sequences as well as the identification of a particular Vy gene by direct sequencing impossible. The mixed PCR products were most likely caused by coamplification of monoclonal as well as polyclonal V-N-J junctions of neoplastic and contaminating nonmalignant T-cells. Analysis of TCRy-PCR products by TGGE. After we had determined the clonality of the amplified Vyl-8-Jy1/2 TCR junctions by the time-consuming sequencing procedure showing the extensive junctional diversity of the rearranged TCRy genes, we recognized that the narrow size range between 234 to 264 bp of the PCR products obtained by the primer pair Vy 1-8 I1 and Jy1/2 and by the use of consensus primers resulting in mixed PCR products did not provide a means for distinguishing between monoclonal and polyclonal TCR junctions by conventional agarose gel electrophoresis. Therefore, as an independent test of the sequencing results, we analyzed the TCRy-PCR products by TGGE. Representative results are shown in Fig 3. Each PCR sample previously found to contain clonal rearrangements by DNA sequencing (cases no. S through 9, 1 I, 14, 16, 17, and 19 and the cell lines; see Table 2 and Fig 2) showed one prominent band in silver-stained TGGE gels. Bands in the TGGE gels varied in position from sample to sample but clustered around 40°C to 45°C. Above the bands derived from clortal TCRy rearrangements, a diffuse smear of stained material mainly representing the polyclonal, heteroduplexes-forming PCR fragments was visible, except in the case of the two cell lines. In the case of the 2 cell lines, only homoduplexes can be formed by the PCR fragments, because only one Vy( 1-8)/Jy1/2 allele is rearranged in each of these 2 samples (Fig 2) . In the cases no. S, 14, and 17. additional bands ( S , approximately 16 and 2, respectively) are observed in the zone in which the heteroduplexes migrate. Interestingly. among these were the two PCR products (cases no. S and 14). in which the sequence data had shown at least two clonal alleles (Fig 2) . In patient no. 14 who developed an expansion of apparently mature CD8 T-cells after bone marrow transplantation, multiple bands are detected that probably represent minor oligoclonal populations of T-cells which could not be verified by sequencing a limited number (seven) of cloned PCR products. In the polyclonal samples, only a diffuse smear of heteroduplex bands is observed above the zone where the clonal PCR fragments are located.
The finding that it is possible to distinguish accurately between monoclonal and polyclonal TCRy-PCR products by combining sequence and TGGE analysis prompted us to complete the analysis of the TCRy locus by PCRlTGGE using three primer mixes that covered all possible Vy and Jy recombinations. Furthermore, 6 additional T-NHL cases were included. Monoclonality was shown with all three mixes by PCRlTGGE in 21 of 24 (87%) lymphoproliferations; the results are shown in 12.
13.
14. Table 2 .
15.
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For cases, by only PCR in 4 cases, and by neither method in 3 cases. In the target group (the T-NHL cases), PCR/TGGE detected monoclonal TCRy rearrangements in 12 of IS (80%) cases.
DISCUSSION
Amplification of rearranged TCRy genes by PCR for the detection of clonal T-cell populations has been described primers for the Vy and Jy segments known to be involved in the rearrangement process as determined by Southern blot or immunphenotypical analysis in well-characterized leukemia samples.'~x~'' However, information on the rearranged and expressed member of the Vy-and Jy-TCR genes of Tlineage NHL cells is usually not readily available before PCR: therefore, the clonality of the PCR products has only been confirmed by sequence analysis in some of the ALL Other studies used primer mixes covering all possible TCRy recombinations in T-cell clones, in T-ALL samples, and in a few T-NHL samples with a high proportion of neoplastic cells," or these studies used consensus TCRy in the literature.s.x'll.?5-'7 Several investigators used specific primers and analyzed the monoclonality of the PCR products by restriction enzyme digestion"' or denaturing-gradient gel electrophore~is.'~ In contrast to who used different primers for each member of the Vy gene family. we and other investigators selected universal consensus Vy( 1-8) primers corresponding to small regions of high homology in the Vy 1-8 gene family. Our sequencing results clearly show that these consensus primers successfully amplify all Vy 1-8 gene segments known to rearrange. PCR with the primer VyI-X II/ Jy1/2 combination followed by DNA sequencing detected clonal TCRy junctions in 6 1% of the cases studied in good accordance with published sequencing data collected in a series of 78 clonally rearranged TCRy alleles characterized in 36 T-lineage and 7 R-lineage ALL cases by PCR and sequencing.s.x."
In contrast to other investigators who sequenced the amplified TCRy junctions our initial attempt using this approach gave unsatisfactory results. Obviously. because of the use of consensus primers and admixtures of nonneoplastic T cells in the samples, coamplification of multiple unrelated junctional regions together with the tumorspecific junction was obtained. A similar observation has been made by Van Oostveen et al'"in a case with polyclonal TCRyb-T-cell expansion. Reliable data could only be obtained by cloning the Vy-Jy PCR products and by sequencing several (4 to IO) randomly chosen clones. Using this procedure. we were able to determine the frequency of clones with an identical sequence per number of clones totally sequenced for each DNA sample. In most cases, this information yielded the desired clone-specific sequence and showed a background population of polyclonal TCRy cells in each specimen, except in those that were obtained from the T-ALL cases. the cell lines. or the NHL samples with high tumor cell fraction.
The recently developed TGGE" is able to separate identical (ie, clonal) PCR fragments in a mixture of partially homologous (ie, polyclonal) PCR products and. thus, seemed ideally suited for the identification of dominant. clonal PCR products. Because of the extensive diversity of the TCRy junctions and the partial homology between the members of the Vyl-8 family of genes. a mixture of heteroduplexes bearing extensive and relatively long mismatch regions at the site of the Vy-Jy junctions as well as numerous point mismatches within the involved Vyl-8 segments will be formed by a denaturation (9S"C)I renaturation (55°C) step of a polyclonal TCRy-PCR pr~duct.'~ This mixture of heteroduplexes will undergo partial denaturation at relatively low but differing temperatures and, as a consequence, will migrate and appear as a diffuse smear on TGGE. TCRy-PCR products containing a significant percentage of monoclonal (ie, identical) sequences will, after denaturationlrenaturation, result in a significant proportion of perfectly matched homoduplexes that, during TGGE, are stable and run as a sharp band at relatively high temperatures. Therefore, if the temperature gradient is superimposed parallel to the electric field, homoduplex-forming clonal TCRy-PCR products in a mixture of heteroduplexes stemming from coamplified polyclonal TCRy junctions should, in theory, For personal use only. on November 16, 2017. by guest www.bloodjournal.org From be identified as sharp bands running ahead of a diffuse smear on TGGE. To test this hypothesis and also to independently test the sequencing results, we analyzed the TCR Vyl-X/ Jy1/2 PCR products by TGGE. In all cases, the sequencing results were confirmed for the TCR Vyl-8/Jy1/2 PCR by TGGE, showing distinct bands only with the PCR products derived from samples that harbored clonal sequences.
The results clearly show that the detection of distinct bands after electrophoresis of TCRy-PCR products on agarose gels alone is a poor marker of clonality, especially in lymphoma. Unless the clonality of the PCR fragments has been checked by DNA sequencing or denaturing-gradient gel electrophoresis, the results should be interpreted with great caution. This observation is in contrast to a previous report describing the use of PCR for the identification of clonally rearranged TCRy genes in lymphoma.*' The probability of obtaining pseudoclonal PCR bands on agarose gels is obviously no problem when analyzing highly homogenous ALL or T-cell clone samples or when amplifying the chromosomal translocation t(14; 18) in follicular B-cell lymphoma, which is a characteristic marker of the neoplastic B cells alone and is absent in the vast majority of the nonmalignant cells.
The lack of detectable TCRy rearrangements has been described as a rare but significant observation in peripheral TGGE analysis failed to detect clonal TCRy rearrangements in 3 of 15 (20%) T-NHL cases (cases no. 13, 18, and 22), which is consistent with the lack of detectable TCRy rearrangements on Southern analysis in cases no. 13 and 18. All cases were readily diagnosed with routine light microscopy as malignant NHLs; they contained sufficient tumor cells (greater than 20%) in the samples for DNA analysis and expressed T-lineage antigen(s) ( Table 2 ). In view of the previous findings and the results presented here, failure to detect clonal TCRy rearrangements is not inconsistent with the diagnosis of T-NHL.
Our initial strategy of detecting monoclonal TCRy junctions requires sequence analysis of several randomly chosen clones of the PCR products.
This approach is very laborintensive and is not practical for clinical studies. However, the procedure could be shortened and simplified by a rational use of PCR primers and by presorting clonal from polyclonal PCR products before sequencing. First, based on the observed high frequency of the Vyl-8-Jy1/2;JyP1/2; JP recombinations in lymphoid malignancies'~*~" and because of the preferential use of Vy9-JyP;Jyl/2 rearrangements in peripheral blood T cells of healthy individuals'~" and of patients with sarkoidosis or mycobacterial infections,'""' TCRy-PCR amplifications should be performed in 3 separate runs with three different primer mixes, as we have shown here. Second, as we have convincingly shown by DNA sequence analysis, polyclonal PCR products can be sorted out by TGGE before sequencing. By using this approach, polyclonal PCR products (such as those in case no. IO), after PCR with primers Vy(l-8)I-Jyl/2, need no longer be sequenced in search for lymphoma-specific TCRy junctions. Finally, the clonal DNA bands could be excized from the TGGE gel and subjected to direct sequencing without cloning." T-NHL,~.~.I~.?X Therefore, it is not surprising that the PCR/ Our results show that junctional regions of rearranged TCRy genes can be characterized at the DNA sequence level by PCR-directed sequencing even from partially degraded material that is inadequate for Southern blot analysis. Knowledge of the individual Vy and J y segments involved in the TCR of the clone belonging to a given lymphoma/leukemia T-cell population is not required before PCR. In addition, PCR can easily be performed with partially degraded DNA extracted from formol-fixed, paraffin-embedded material or from unstained and stored peripheral blood, bone marrow, or fine-needle aspirate glass slides3' Preliminary experiments using DNA extracted from these sources gave satisfactory results (Kneba, unpublished results, 1993) . Therefore, in the majority of T-NHL and ALL patients, molecular studies at initial staging and during follow-up using sensitive oligonucleotide antijunctional probes will be made possible by the technique described for the analysis of rearranged TCRy genes, regardless of whether the original malignant cells are freshly available or not. 
